Ammonia, a product of protein catabolism associated with senescence of leafy green vegetables, is toxic to plant cells if not efficiently re-incorporated by glutamate synthetase. In experiments on various intact and fresh-cut leafy and floral vegetables (broccoli, cauliflower, romaine lettuce, spinach and sugar snap peas) at 5-7.5°C, tissue ammonia concentrations were measured as a possible indicator of stressful modified atmospheres and compared with the time course of changes in concentrations of the fermentative volatiles ethanol and acetaldehyde. In spinach, increases in ammonia were observed with high CO 2 atmospheres and were associated with darkening of leaf tissues. In cauliflower florets, increases in ammonia and tissue discoloration were associated with the increases in fermentative volatiles in 15% CO 2 atmospheres, but minimal changes in ammonia and the fermentative volatiles occurred in air or non-damaging low O 2 atmospheres with 7.5% CO 2 . Increases in ammonia concentrations in sugar snap peas were also associated with increases in fermentative volatiles in 12 and 18% CO 2 atmospheres with 3% O 2 ; these conditions resulted in browning discoloration. The same CA conditions resulted in no damage and only small increases in ammonia and fermentative volatiles in broccoli florets. In cut romaine lettuce, atmospheres with 9% but not 6% CO 2 resulted in notable increases in ammonia, but ammonia was not much affected by differences in O 2 concentrations (0.2, 1.0, or 21%). Increases in fermentative volatiles only occurred in cut lettuce stored in 0.2% O 2 alone or in combination with high CO 2 . These results indicate that ammonia may be a useful indicator of stress in modified atmosphere storage of leafy tissues. In cauliflower and spinach, atmosphere conditions that resulted in increases in ammonia also resulted in increases in fermentative volatiles. In romaine lettuce, ammonia concentrations indicated stressful atmospheres that were not associated with increases in fermentative volatiles. In other vegetables (sugar snap peas), increases in ammonia and fermentative volatiles had different time courses.
INTRODUCTION
Modified atmospheres, based on reduced concentrations of O 2 and/or elevated concentrations of CO 2 , may be beneficial in maintaining the postharvest quality of intact and fresh-cut vegetables (Cantwell and Suslow, 2002; Weichman, 1986) . However, these conditions can induce anaerobic metabolism, resulting in the accumulation of ethanol and acetaldehyde (Ke et al., 1993) . Acetaldehyde is considered toxic to plant cells and efficient conversion to ethanol is advantageous (Ke et al., 1993) . Measurement of these fermentative volatiles is common practice when evaluating the benefits and risks of modified atmospheres.
Ammonia also can be toxic to plants cells and has been shown to be produced in appreciable quantities in various plant tissues as discussed in the review by Toivonen (1997) . The main source for ammonia production in plant tissue is protein catabolism and this has been demonstrated in early stages of senescence of various leafy and floral vegetables such as asparagus (King et al., 1990) , broccoli (King and Morris, 1994) , lettuce (Chandra et al., 2008) and vegetable soybean (Matsui et al., 2005 the activity of glutamate synthetase, which reincorporates the toxic ammonia, is associated with senescence. The mode of action for ammonia toxicity is generally considered to be mediated through its effect on tissue pH, but direct effects on electron transport have also been proposed (Toivonen, 1997) .
The objective of these tests was to understand the magnitude of changes in ammonia concentrations and their relationship to changes in fermentative volatiles of various leafy and floral vegetables stored in a range of controlled atmospheres.
MATERIALS AND METHODS
Products were obtained directly from grower-shippers or from a fresh produce wholesale distributor and were of very good to excellent quality. Fresh-cut products were prepared under clean conditions and pieces were rinsed in chlorinated water (50 ppm NaOCl), centrifuged or patted dry, and placed in perforated polyethylene bags in air or treatment atmospheres. Controlled atmospheres were achieved by mixing humidified gases on a volume basis and maintained within 5% of stated concentrations. Flow rates for CA were based on the flow rate of air-stored product that allowed a CO 2 accumulation of not more than 0.5% (conditions for measurement of respiration rates). Quality evaluations were based on hedonic scales (overall visual quality scored on a 9 point scale, where 9=excellent, 7=good, 5=fair, 3=poor, 1=unusable; defects scored on a 5 point scale, where 1=none, 2=slight, 3=moderate, 4=moderately severe, and 5=severe). Titratable acidity was determined by homogenizing 4 g tissue in 20 ml water, filtering, measuring the pH, and titrating to an 8.1 endpoint with 0.01 N NaOH. Ethanol and acetaldehyde were determined on 4 g samples in capped test tubes frozen at -80ºC until heated to 65ºC in a water bath for analysis of volatiles by FID-GC. Ammonia concentrations were determined from fresh or frozen tissue by homogenizing tissue in water, centrifugation and reaction of an aliquot with a phenol nitroprusside reagent and alkaline hypochlorite (Beecher and Whitten, 1970; King et al., 1990; Weatherburn, 1967) , using ammonium sulfate for a standard curve. Total sugars were determined by a phenol-sulfuric colorimetric method from an ethanol extract, and glucose was used for the standard curve.
RESULTS AND DISCUSSION
Increases in ammonia are associated with senescence and storage of spinach in air and controlled atmospheres with elevated CO 2 levels (Martinez-Damian and Cantwell, 1999; Rodriquez and Cantwell, 2002) . Loss of visual quality occurs in air storage as well in storage in atmospheres containing 15% CO 2 . In the former, loss of chlorophyll and senescence of tissue is associated with increased ammonia concentrations, while in the high CO 2 atmospheres, the ammonia increases are associated with a darkening of the leafy tissues. Atmospheres with 5% O 2 + 5% CO 2 helped maintain visual quality of spinach at 7.5°C and resulted in small increases in ammonia concentrations (Fig. 1) . Increases in ammonia concentrations in spinach are associated with changes in acidity ( Fig. 1) .
Cauliflower florets show tissue darkening and loss of visual quality after 7 days in atmospheres containing 15% CO 2 but not in atmospheres with 7.5% CO 2 (Fig. 2) . The 15% CO 2 atmospheres are associated with high off-odor scores and increases in ethanol and ammonia. After 14 days there were increases in ammonia concentrations in the 7.5% CO 2 atmospheres. At 14 days, ethanol increases were obtained in the 1% O 2 + 7.5% CO 2 atmosphere but not in the 5% O 2 + 7.5% CO 2 atmosphere. Changes in acetaldehyde were inconsistent and the initial high levels are not considered typical.
Salad-cut (2-3×2-3 cm pieces) lettuces are often packaged with quite extreme atmospheres to retard cut edge discoloration, and increases in fermentative volatiles are expected even at proper storage temperatures (Peiser et al., 1997) . In fresh-cut romaine lettuce (Fig. 3) , loss of visual quality occurred in all atmospheres, but quality loss was most retarded in the 6 and 9% CO 2 atmospheres with 0.2% O 2 . All the 0.2% O 2 atmospheres are associated with increases in acetaldehyde concentrations by 6 days and the 0.2% in combination with 9% CO 2 also resulted in a large increase in ethanol after 12 days. The 9% CO 2 atmospheres in air or 1% O 2 also performed quite well in retarding quality loss and had only slight changes in acetaldehyde and ethanol concentrations. Increases in ammonia occurred after increases in acetaldehyde and the high ammonia concentrations were observed air + 9% CO 2 (Fig. 3) . Decreasing the O 2 levels to 1% or 0.2% reduced ammonia accumulation compared to concentrations in air + 9% CO 2 .
Fresh-cut vegetables in trays with dips are an increasingly popular product. These may contain products with known incompatibilities. For example, a cut vegetable tray may contain cut celery, broccoli florets, cherry tomatoes, jicama sticks, and sugar snap peas. Of concern is the ability of the grape tomatoes to resist the low temperature over the expected shelf-life of >14 days. But potentially more problematic are atmosphere incompatibilities. High CO 2 -containing atmospheres are useful to retard yellowing and cut edge discoloration in broccoli, whereas controlled atmospheres are not recommended for sugar snap peas. High CO 2 atmospheres did not retard sugar loss in broccoli florets, but they did not result in notable increases in acetaldehyde, ethanol or ammonia (Fig. 4) . Atmospheres of 12 and 18% CO 2 with 3% O 2 are damaging to snap peas and lead to a brown discoloration. The time course of the onset of discoloration was associated with substantial increases in fermentative volatiles and ammonia concentrations (Fig. 5) .
CONCLUSIONS
The fermentative volatiles acetaldehyde and ethanol are routinely used as indicators of stressful modified atmospheres for a broad range of fruits and vegetables. In spinach, cauliflower florets, sugar snap peas, and salad-cut romaine lettuce stored under a range of CO 2 -containing atmospheres (ranges selected to represent possible commercial applications) at 5-7.5ºC, important increases in ammonia concentrations were observed. In some cases this was associated with tissue discoloration (spinach, cauliflower, peas). Broccoli is known to tolerate high CO 2 conditions, and there was little increase in ammonia or fermentative volatiles over 18 days. In sugar snap peas, increases in ammonia preceded increases in fermentative volatiles, while in lettuce, ammonia increases followed the increases in fermentative volatiles. Based on these preliminary results it appears that ammonia concentrations can be a useful indicator of stressful modified atmospheres in vegetable products. Measurement of ammonia in the headspace of packaged products should be compared to tissue concentrations. 
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